A new method for sample fiber Bragg grating fabrication by use of both femtosecond laser and CO 2 laser has been proposed and demonstrated. Such a method exhibits the advantages of high fabrication flexibility, and good thermal stability. The sampling period and duty cycle can be easily varied by changing the CO 2 laser beam scanning pattern during operation. The gratings produced have potential applications in optical communications, fiber lasers, and optical fiber sensors. 720-728 (2008).
Introduction
Sampled fiber Bragg grating (SFBG) has many attractive applications in optical communications [1, 2] , multi-wavelength fiber lasers [3, 4] , and optical fiber sensors [5] [6] [7] [8] . It is usually fabricated by use of UV light irradiation on hydrogenated single mode fiber (SMF) and the amplitude or phase of its reflection spectrum is modulated by a sampling function. Such a modulation can be achieved by periodically triggering on and off the light exposure along the fiber [7, 8] , which needs an accurate control of the light exposure time, power and location for each subgrating, and the apolization is obtained by multiple exposures with different power levels for different subgrating sections [9] . Alternatively, a specially designed amplitude mask can be employed together with the phase mask during the grating inscription process however, owing to the fixed modulation envelope, different amplitude masks have to be used to produce different modulation profiles [5, 10] .
In this paper, we propose an SFBG fabrication method by use of both femtosecond laser and CO 2 laser, which allows the modulation envelop to be flexibly changed according to the application requirement. Because of the multi-photon absorption [11] of the femtosecond laser inscription and the CO 2 laser heating effect [12, 13] , SFBG can be created in SMF without hydrogen loading. The temperature test reveals that the SFBGs fabricated in this work have a good thermal stability up to 650 °C, superior to those fabricated in hydrogen loaded SMF by UV light without special treatment that begin to decay significantly at temperatures between 100 to 200 °C [14] [15] [16] .
SFBG fabrication and theoretical background

SFBG fabrication method
A femtosecond laser and a CO 2 laser are both used to fabricate the SFBG with flexible control of its reflection peaks and the peak spacing. The whole fabrication process is divided into two stages. First, a fiber Bragg grating (FBG) is inscribed in SMF using femtosecond laser pulses through a phase mask [17] , which is initially demonstrated in [18] .The femtosecond laser pulses (120 fs, 1 mJ, 1 kHz repetition rate at λ = 800 nm) are produced by a Ti: Sapphire laser system (Spectra-Physics). The laser pulse energy could be adjusted as required by rotating a half wave-plate followed with a linear polarizer and the energy of ~0.6 mJ was used during the grating fabrication. The laser beam is broadened through a laser beam expander which is used to tune the laser spot size, and then focused by a cylindrical lens with a focal length of 60 mm before passing through a silica phase mask (Ibsen Photonics) and arriving at the fiber core. The position of the fiber is accurately controlled by a high-precision four-axis translation stage. By use of appropriate laser exposure condition, the FBG with predetermined length can be produced. The length of FBG can be varied from 4 to 12 mm by tuning the laser beam expander. By considering the effects of both the laser intensity and the quality of the reflection spectrum, the FBG length of 8 mm is chosen in our experiment. The second stage is to use a high frequency CO 2 laser (SYNRAD 48-1) for reprocessing the FBG obtained. The experimental set-up is demonstrated in Fig. 1 . The CO 2 laser beam is focused onto the fiber with FBG, which is mounted on a translation stage. One end of the FBG is fixed and the other is dragged by a small weight of ~5 g to avoid any induced microbend of the fiber during the laser heating process. The average power of the focused CO 2 laser light is ~0.5 W with a repetition frequency of 10 kHz, and a diameter of ~50 µm. By use of a computer controlled two-dimensional optical scanner with the spatial resolution of 1 µm, the CO 2 laser beam scans and shifts along the green dotted lines as shown in Fig. 1 , which are perpendicular to the X direction along the fiber length. After one scanning cycle, the laser beam is moved to the first green dotted line again and repeats the scanning process. Such a scanning process continuous until the designed pattern for the sampled grating structure is obtained. A broadband light source (AMONICS ALS-SWDM-FA) and an optical spectrum analyzer (OSA) with resolution of 0.01 nm are used to monitor the reflection spectrum of the grating during the fabrication process. Figure 2(a) shows a microscope (Nikon 80i) image of the SFBG structure created. An amplified image that provides more details is shown in Fig. 2(b) . The grooves carved on the fiber are caused by the CO 2 laser heating [19] , which imposes a periodic index modulation on the reflection spectrum of the FBG inscribed by femtosecond laser.
Theoretical background of the SFBG fabricated
A normal FBG has an effective refractive index distribution as shown in Fig. 3 , an SFBG is created and its index profile is shown in Fig. 3 (c), which can be described by:
where 0,eff n is the average effective refractive index for the propagating mode, eff n δ is the dc index change spatially averaged over a grating, υ is the fringe visibility of the index change, Λ is the grating period, 0 Z and g Z are the sampling period and the grating segment length of the sampling period, respectively. 0 L is the total length of the conventional SFBG and W is the full-width-at-half-maximum value of the grating profile, which is equal to 0 / 2 L in our modeling. The rectangular function ( ) f z is the sampling function of the SFBG without apodization, and the function ( ) g z is the whole grating profile function with Gaussian apodization, which is used to simulate the Gaussian intensity profile of the femtosecond laser beam. According to the Transfer Matrix Method [20] , we can simulate the SFBG by subdividing the grating structure into multiple sections, each of which can be identified by a 2 2 × matrix. For the sake of simplicity, the area with grating structure exposed by the light of the CO 2 laser is treated as a pure phase section, because the high temperature produced by the CO 2 laser beam can diminish the grating structure as shown in Fig. 2 . The grating section exposed to the CO 2 laser light can be expressed by the matrix:
where L is the length of exposed areas in one period as shown in Fig. 3 (b) ,
is the propagation constant, and λ is the light wavelength.
The unexposed area to the CO 2 laser light in the FBG is still a normal Bragg grating and is divided into a number of uniform sections, each section is described by:
, cosh sinh sinh
where , p n T denotes the nth uniform section in the p th unexposed region of the SFBG, z ∆ is the section length, κ is the AC coupling coefficient,
, and σ is the DC coupling coefficient. Thus, the pth unexposed region of the SFBG can be expressed by the matrix:
where, m denotes the total number of the uniform sections in one unexposed area. Then the SFBG can be described by:
where, q represents the total number of the unexposed region in the SFBG. It becomes clear that the reflection spectrum can be obtained from Eqs. (1) to (7), by use of transfer matrix method [20] .
Experimental and simulation results and discussion
The inset picture of Fig. 4 shows the reflection spectrum of the FBG fabricated by femtosecond laser in our experiment. The grating has a 3dB bandwidth of around 0.5 nm and center wavelength of ~1569 nm. In the second stage of SFBG fabrication process, the CO 2 laser beam is scanned along the FBG in 40 parallel lines with a separation of 450 µm, being perpendicular to the X direction of the fiber as shown in Fig. 1 . The scanning line has a length of 1 mm, which ensures that the laser crosses the whole fiber. The laser scanning speed is set as 3.57 mm/s, which results in a power density of 2.8 J/mm 2 on the fiber surface, and the scanning time is approximately 0.3 s for each dotted lines. After only one sweep of the CO 2 laser, the side peaks appear in the reflection spectrum of the SFBG as demonstrated in Fig. 4 . The intensity of the center peak is reduced by 3.9 dB, and the wavelength experiences a blue shift of ~0.21 nm compared with the original spectrum of the FBG. Figure 5 shows the evolution of the reflection spectrum corresponding to the different number of sweep cycles. When the intensity of the center peak is decreased with the increase of the number of sweep cycles, the intensity of the side peak is increased. After the five sweep cycles, the blue shift of the center wavelength is 0.38 nm and its intensity is reduced by 6.65 dB compared with the original FBG spectrum. However, the amount of shifted wavelength and the intensity change in each scanning cycle decrease with the increase of the number of sweep cycles. The blue shift of wavelength is likely due to the average refractive index decrease of the FBG during the CO 2 laser beam scanning process. With the number of sweep cycles increases, such an effect is intensified and the blue shift is enhanced. The envelop of SFBG is mainly determined by g Z when the sampling period is a constant [21] . The increase of the number of the scanning cycles will essentially enhance the energy on the periphery of the CO 2 laser spot and resulting in the shortening of grating segment length. Thus, the increase of the number of scanning cycles leads to a broad envelop of the SFBG and low reflectivity value of the center peak. However, the spacing of the adjacent peaks remains to be ~1.87 nm, owing to the constant sampling period of the grating. The reflection peak spacing is inversely proportional to the spacing of the CO 2 laser scanning line, which is denoted by 0 Z in simulation. When the scanning line spacing is set to be 300, 400, and 450 µm, the corresponding peak spacing obtained is 2.8, 2.1 and 1.87 nm, which is in good agreement with the value obtained in the simulations, i.e. 2.78, 2.11, and 1.87 nm, respectively. Thus, the spacing of the adjacent peaks is mainly determined by the sampling period as shown in Fig. 6 . The intensity differences appear in Fig. 6(a) -(c) are caused by the variation of the output power from the broadband source, the connection loss between FBG and coupler and the fiber end face reflection, etc, in different experimental conditions. Moreover, the power of CO 2 laser also introduces fluctuation. The higher the CO 2 laser intensity, the larger the erased part of the grating, and the lower the reflectivity of the SFBG obtained. The intensities of the sidelobes shown in Fig. 6(d) , (e), (f) are below −80dBm and cannot be detected by the OSA used, which has a resolution of −75dBm. The intensity difference between simulation and experimental results is caused by the OSA sensitivity, coupler inherent reflection, and reflections from fiber connectors and end faces.
The duty ratio (DR) of the sampled grating, which is defined as the ratio of g Z to 0 Z , has a great effect on the number of peaks. The method of realizing a certain duty ratio in the experiment is that after each sweep cycle of the CO 2 laser, the scanning line is shifted by 30 µm along the X direction. The process continuous until a certain duty ratio is obtained. The duty ratio after each scanning cycle can be calculated by the equation as below: 
where N is the number of scanning cycle, the displacement of the parallel line is 30 µm and the diameter of the CO 2 spot is 50 µm. In Fig. 7 , the sampling period of the SFBG used is 400 µm, and the duty ratios are 0.88, 0.65 and 0.425, respectively, corresponding to 1, 4 and 7 scanning cycles, respectively, according to Eq. (8) . As shown in Fig. 7(a) , there are only three peaks after one sweep cycle, and the number of the peaks is increased to four after four sweep cycles. The peaks number reaches five when the DR is 0.575. When the scanning cycle increases, the intensity of the center peak reduces and the envelope of the spectrum becomes flat, caused by the shortening of grating segment length as discussed above. The experimental results obtained in Fig. 7(a) have a good agreement with those obtained in the simulations as shown in Fig. 7(b) . The behavior of the SFBG that changes with the temperature has also been investigated. The SFBG is placed in the tube furnace, and its center reflection peak is monitored by use of an OSA. The temperature was increased by a step of 50 °C, and was maintained for 10 minutes at each step. No significant decrease of the center peak was found up to 600 °C, as shown in Fig. 8 . When the temperature is further increased to 700 °C, the peak intensity started to decrease rapidly. After being maintained at 700 °C for about 20 minutes, the temperature was decreased to 650 °C, where the center peak was found to become stable again. The temperature was then decreased to the room temperature and the center peak intensity was stable in the whole cooling process. When the temperature was increased again, the center peak intensity did not decrease significantly until at 700 °C. This is likely due to the fact that the unstable factors have been removed in the first thermal test. When the temperature reached 800 °C, there was still more than 80% power remaining compared with that at room temperature when the second test started. A good thermal stability maintained when the temperature was kept at 650 °C for six hours.
The thermal stability can be further improved by using a larger exposure power and a longer exposure time in the manufacturing process [17] , the former can induce a permanent local structure damage. However, it also creates the difficulty in erasing the refractive index modulation by the CO 2 laser to form a pure phase section in the FBG. The purity of the phase section has a significant effect on the spectral quality of the SFBG, and a reduced erasing capability of the CO 2 laser will result in a poor spectral quality of the SFBG. Thus, a balance between the spectral quality and the thermal stability should be established, depending on the type of applications.
Conclusion
We have proposed a new method for SFBG fabrication in conventional SMF without hydrogen loading, in which the sampling period and the duty ratio can be easily controlled and as a result, the reflection spectrum of the grating can be flexibly modulated by just varying the CO 2 laser scanning route. The use of both femtosecond laser and CO 2 laser can also effectively enhance the thermal stability of the grating. The SFBG developed in this work have high potential in fiber laser and optical fiber sensor applications.
